Increasing trade in today's global economy requires packaging to be designed to contain, protect and deliver products without damage during transportation and handling. Vibration forces that occur during transportation are one of the most significant causes of damage during shipping. The objective of this study was to quantify and analyse the vibration that occurs during truck transport in Brazil. The study was done using two types of trucks: small local trucks for local metropolitan distribution areas and larger tractor-trailers for cross-country transportation. Ten metropolitan areas in different regions of Brazil were selected for 1-day trips representing normal delivery. These trips encountered varying road surfaces (asphalt, concrete, stone and dirt). The long distance trips were done on highways that were more than 1200 km long. The vertical vibration levels were higher than the lateral and longitudinal levels as expected. A composite power density spectrum of all trips is provided in this paper to simulate truck transport in Brazil using random vibration test methods.
INTRODUCTION
Truck transport is commonly used worldwide for the distribution of goods for trade. Although relatively expensive when compared with bulk shipments by rail and sea, truck transport is usually the most economical way to provide distribution of goods in places where inexpensive (e.g. railways) or natural (e.g. ports, rivers) transport alternatives are not available. The global economy is increasingly demanding that products be distributed on a worldwide basis. International free-trade agreements have leveraged the quality standards and expectations of consumer products to the point that it is not possible to predict anymore where a product will be ultimately sold. For the global economy to flourish, packaging designers need to broaden their knowledge of potential hazards (e.g. vibration) found during transportation to help design and test packages to be shipped on an international scale.
Brazil is the ninth largest economy in the world, based on gross domestic product (GDP) and purchasing power parity (PPP) according to estimates from the International Monetary Fund (IMF). It is also the largest economy in Latin America and the southern hemisphere. The recently reported 15 greatest economies by the IMF are listed in Table 1 (values in US$ million). Although most of the world's eyes are currently focused on Asia due to its accelerated development, it is important to have active suppliers in other continents to avoid dependence on one country or region.
Sanitary restrictions and political and trade barriers may be imposed quickly to protect local economies so that other supply sources could be readily considered to avoid rising prices and low stock. For instance, it is estimated that over 100 million birds have died or been killed in 2004 as a consequence of avian influenza outbreaks. In particular, the impact of import bans on export-dependent countries, such as Thailand, will increase the income vulnerability of small producers as local prices drop sharply. Both
Canada and the USA, in addition to nine Asian countries, have also reported outbreaks of bird fl u. These countries account for 4 million tons or 50% of the world exports of poultry meat (with the USA accounting for nearly 35%). Chinese exports of poultry were estimated to decline 20% as a direct consequence of the bird fl u outbreaks. Similarly, cases of bovine spongiform encephalopathy in the USA and Canada has caused countries around the world to ban beef imports from these countries. The USA and Canada account for more than one-quarter of global beef exports (around 1.6 million tons, valued at approximately $4 billion). 3 In Japan, import bans on beef and chicken have led to pork meat prices There is quite a diversity in the types of road surfaces used by trucks in Brazil. The most common types of road surfaces are asphalt, concrete, dirt (unpaved) and stone. Stone roads are almost exclusively found in the urban environment because their construction is labor intensive. Asphalt and concrete are more common for expressways (highways) connecting major cities. Figure 3 shows the various types of road conditions measured in this study. Toll roads account for 10 803 km and are deemed to be better Table 2 shows the distribution of paved and unpaved roads in Brazil.
Figure 2. Exports of Brazil by state and locations of measurement of metropolitan distribution and cross-country trips.
For economical and environmental reasons, packaging systems have been reduced to minimal levels in order to provide the required protection. The challenge of surviving the zero-damage goal has become greater as a consequence of the global economy, as most goods are distributed virtually everywhere in the world. 5 Therefore, measuring the distribution environment is a key factor in developing appropriate vibration testing methods that can be used to develop optimum protective packaging. Not designing according to realistic shipping conditions may result in either over-packaging (where the test level is more severe than the environment) or product damage due to under-packaging (where test levels are lower in intensity than the shipping environment).
Since 2000, vibration measurement studies have been done in various regions around the world (China, Thailand, India and Europe) in order to develop data to define a 'global distribution environment'. 6 Data from Brazil is important, as this is the leading economy in Latin America. Small trucks for metropolitan distribution and larger trucks for cross-country distribution were used in this study to collect data for different payloads, truck types, speeds and road surfaces.
Vibration occurs whenever a spring-mass system (e.g. the truck mass on its suspension) is in motion. A large tractor-trailer has different spring-mass systems acting together. They are the pneumatic tires, the trailer floor and the suspension. Damage usually occurs as a consequence of magnification of truck vibration caused by cushioned product packages. When the truck bed vibration frequency is close to the product-package natural frequency, the system starts to exhibit a condition called 'resonance', resulting in large vibration forces from the truck bed (input) to the product (output). These conditions often result in damage to the packaged product. Examples of vibration-related product damage from truck shipments include fatigue, mechanical failure, scuffing, static charge buildup, undesirable product settling, phase separation and leaking of fluids.
EXPERIMENTAL DESIGN AND SET-UP
Vehicles and trips Table 3 shows the various shipments measured. There were large variations in trip distance, gross weight and truck type. All trucks had leaf spring suspensions and insulated trailers. The products transported in these shipments were food products in refrigerated or frozen conditions. The routes are also graphically shown in Figure 2 . All metropolitan regions used six-wheeled trucks (two axles), except for measurement 7 (Curitiba -PR), which was done using a 10-wheeled (three axles) trailer. Figure 4 shows the metropolitan distribution trucks, and Figure 5 shows the cross-country trucks. 
Measurement equipment
The instrument used to measure vibration was a model EDR-3C data recorder manufactured by
Instrumented Sensor Technology, Okemos, MI, USA. In addition, an online Global Positioning Satelite tracking system developed by Autotrac (Brasília -DF, Brazil) and OmniSAT (Qualcomm Inc., San Diego, California, USA) was used to reference the actual location of the trailers at any given instant to the measured vibration. This allowed the authors to exclude periods of measurement when the trailer was stationary during loading and unloading. The data recorders were mounted on the undercarriage in the middle section and at the rear location of the trailer ( Figure 6 ).
Figure 6. Mounting location of vibration recorder.
The following set-up parameters were used for all three axes (vertical, lateral and longitudinal):
• Pre-trigger length (samples): 32 ms 
PD=-I(RMSGi)/n
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All shipments were conducted along normal shipping routes and while delivering actual loads. For metropolitan shipments, the truck speeds ranged from 20 to 60 km/h. For cross-country shipments using expressways, the speeds ranged from 70 to 100 km/h.
DATA AND RESULTS
The data obtained from the recorders were analysed using the Dynamax software package developed by Instrumented Sensor Technology. The results of the vibration data analysis are presented as power density spectra. A power density spectrum is a plot of energy (power density) versus frequency. 5 This is commonly used to measure and compare vibration levels in various global studies. 6, 7 The levels of acceleration occur in a random manner over a range of frequencies. The average power density (PD) within a band of frequencies is calculated as follows:
where G i is a sampled acceleration value measured in g's within a bandwidth (BW) of frequencies, and n is the number of samples. 8 The corresponding power density levels are then plotted against the centre frequency of the bandwidth to develop the power density spectra for the data set analysed. For this study, a bandwidth of 1.875 Hz was used.
The spectra analysed with the described method can be used to compare levels of vibration and frequencies for different trucks, payloads, geographical regions and logistical systems. The raw data for a shipment consisted of vibration levels sampled and recorded in the vertical, lateral and longitudinal directions above the trigger level. The root mean square acceleration (Grms) was also calculated for each orientation and trip. This is the square root of the area under the Power Spectral Density plot and represents the overall intensity of vibration across all frequencies. ."~'4~:
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. . the three long distance highway measurements. The data in two of these shipments show extremely high vibration levels in the longitudinal direction at around 110-125 Hz (Figures 18 and 19 ). These two trailers had low bumpers at the rear of the trailer that produced resonant conditions at these frequencies when contacting the road surface during turns and going over bumps. This is shown in Figure 20 .
The data for this study as described earlier uses events that were triggered at 0.25 g intensity or higher, and, also, the recorders were in 'max overwrite' memory mode. What this entails is that the higher intensity vibrations are saved in the recorders' memory for data analysis. This results in vibration spectra that generally are 'more' severe than the 'average' intensity of vibrations that occur during the entire trip. This is a common methodology used by packaging researchers as it also allows to shorten test time as compared with travel time in the vehicle. As a result, most vibration testing for package validation is done at time intervals that are less than the actual trip but at levels representing the higher of the measured vibrations from the entire trip. Based on the time intervals of the recorded data, it is estimated that the analysed spectra represent the highest 10% of the entire trip that was monitored.
The PSD shape varies greatly according to region, truck type and load. Metropolitan measurements resulted in higher vibration intensities in the vertical direction, followed by lateral and longitudinal vibration, as stated in previous studies. [9] [10] [11] Based on comparing the Grms for each trip, vibration levels increased with lighter loads, bad road conditions (potholes in asphalt or dirt roads) and higher speeds.
Based on the various PSD plots, a composite spectrum was developed for a vertical vibration simulation of truck vibration in Brazil. This can be used in test methods such as American Society of Testing and Materials D4728 to perform vibration testing of products. 12 The composite spectrum shown in Figure 21 is the average of all previously shown spectra. 
CONCLUSIONS
Based on the results of this study, the following conclusions were reached:
1. Road conditions in Brazil vary greatly according to region and type. Metropolitan distribution resulted in lower vibration levels than interstate transport. 3. Accelerations increased with lighter loads, bad road conditions and higher speeds.
4. Cross-country data shows large amplitude vibrations above 100 Hz. This is due to the low rear bumper contacting the road.
5. The data from this study can be used to program vibration tables to reproduce these vibration conditions for package testing.
